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Abstract

Alkenone palacothermometry has demonstrated a wide spatial and temporal applicability for the reconstruction of sea-surface
temperatures (SST). Some oceanic realms, however, remain poorly studied. We document UY, index data for two sediment cores
retrieved from the South Tasman Sea, one west of New Zealand (SO136-GC3) and the other southeast of Tasmania (FR1/94-GC3),
extending back 280 kyr BP for the former and 460 kyr BP for the latter. High climatic sensitivity on orbital time scales is observed
at both locations, particularly west of New Zealand, where typical glacial/interglacial SST amplitudes always span more than 7 °C.
Southeast of Tasmania, SST amplitudes are lower in amplitude (4.3 to 6.9 °C) with the exception of Termination IV, which
involved a SST change over 8 °C. The evolution of maximum glacial cooling through time is different at each location. Offshore
New Zealand, maximum cooling during glacial stages increases with time, whereas south of Tasmania maximum cooling decreases
with time. In addition, our data suggest heterogeneity in the spatial expression of SST during the penultimate and last glacial stages.
These glacial periods are recorded differently in both areas, with Marine Isotopic Stage 6 being warmer than Marine Isotopic Stage
2 west of New Zealand, but slightly colder southeast of Tasmania. The area southwest of New Zealand appears susceptible to
expansions and contractions of the Western Pacific Warm Pool and/or meridional migrations and changes in intensity of currents
associated with the Tasman Front. The region southeast of Tasmania seems more sensitive to thermal changes as seen at high
southern latitudes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few decades, the study of deep-sea

sediments has revolutionised our understanding of

— . ) . global climate change, demonstrating the crucial and
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basis of palacoceanography, a fertile scientific discipline
in clear expansion. Since the early stages of palacocea-
nographic studies, much effort has been put into
reconstructing sea-surface temperatures (SST), arguably
the most important parameter for the Earth’s climate
system. Amongst available SST proxies, the alkenone
palacothermometer developed in the late eighties (see
the first definition of the UL, index in Brassell et al.,
1986) has demonstrated spatial and temporal applica-
bility and a significant robustness. As opposed to some
other SST proxies (e.g. foraminifera Mg/Ca and coral
Sr/Ca) where global calibrations are still difficult to
conceive, alkenone palacothermometry can be applied
today to derive SSTs from most oceanic basins through a
single and global transfer equation (Miiller et al., 1998).

However, after one and a half decades of U, index
reconstructions, there are still important oceanic areas
for which data using this index have not been generated,
particularly from the South Pacific Ocean. In this paper,
we document new alkenone SST estimates for the South
Tasman Sea. The studied records are under the influence
of warm, saline, subtropical surface waters from the
north and colder, fresher subantarctic waters from the
south, and have thus the potential to record past changes
in the characteristics and confluence of these water
masses. We first describe SST changes for the area west
of New Zealand (core SO136-GC3), which demonstrate
a very high sensitivity to glacial/interglacial changes.
We then present data from southeast of Tasmania (core
FR1/94-GC3), which exhibit contrasting trends, partic-
ularly in the expression of SST during glacial stages.
Subsequently, we discuss both reconstructions in a more
global context and offer some insight into the
differences between the last and penultimate glacial
stages.

2. Sediment cores and modern oceanographic
setting

Core SO136-GC3 (42°18’ S, 169°53" E, 958 m water
depth, 7.7 m recovered) was retrieved in 1998
(TASQWA cruise of the RV Sonne) from the gently-
sloping flank of the southern Challenger Plateau west of
South Island of New Zealand (Fig. 1). Parasound
profiling shows a flat sea floor and parallel sub-bottom
reflectors to at least 70 m below the sea bed (Thiede et
al.,, 1999). Core FR1/94-GC3 (44°15" S, 149°59’ E,
2667 m water depth; 4.7 m long) was recovered in 1994
(RV Franklin) from the East Tasman Plateau (Fig. 1),
and it has already been the focus of other palacoceano-
graphic studies (Hiramatsu and De Deckker, 1997,
Nees, 1997; Calvo et al., 2004).

Both cores are located in the South Tasman Sea, an
area of confluence between warm and saline subtropical
waters from the north and cold subantarctic waters with
lower salinity from the south. Both water masses are
delimited by the Subtropical Front (STF), which today
lies south of our core locations, centered around 45°—
47° S (Fig. 1). The STF is a dynamic, broadly-branched
structure of steep surface horizontal temperature and
salinity gradients that closely follow the 15°C surface
isotherm in February, the 10°C isotherm in August and
the 34.7-34.8%o isohaline (Garner (1959), see also
Belkin and Gordon (1996) for additional criteria for the
STF identification). North of the STF, waters are
influenced by the southward branch of the East
Australian Current (EAC) that forms after bifurcation
of the South Equatorial Current (SEC) upon reaching
the Queensland coast (~14°-18° S; Fig. 1). About half
of the transport from the EAC (~15 Sv) detaches the
coast south of 30° S as a response to surface wind field
stress (Tilburg et al., 2001). Upon separation, a series of
meanders develop, with the main component of the flow
being located between 33° and 35° S, forming the
Tasman Front (TF) (Ridgway and Dunn, 2003). This
front, which marks the boundary between the warm
water of the Coral Sea and the colder water of the
Tasman Sea, develops in the form of complex meanders
influenced by regional topography (Ridgway and Dunn,
2003; Tomczak and Godfrey, 2003) and its average
location can be defined based on satellite imagery
(Mulhearn, 1987)(Fig. 1). Associated with the EAC and
the TF, warm and cold core eddies develop, and often
remnants of them can be encountered in the region south
of the TF (Fig. 1). Ultimately, part of the flow is
deflected towards the south as currents approach New
Zealand due, in part, to the existence of the Challenger
Plateau. This current feeds directly into the Southland
Current (Fig. 1), which flows around the southern tip of
the New Zealand South Island (Stanton, 1976).
Eventually, a residual extension of the EAC continues
southward along the Australian coast, reaching the east
coast of Tasmania (Ridgway and Dunn, 2003).

Palacoceanographic studies have revealed slight
excursions of both, the TF and the STF in the past
(Martinez, 1994, 1997, Passlow et al., 1997; Barrows et
al., 2000; Kawagata, 2001; Kawahata, 2002). During
the Last Glacial Maximum (LGM), for instance, the TF
might have migrated northward from ~ 30° S to ~ 26°
S, as inferred from the planktonic foraminiferal
abundances (e.g. Martinez, 1994; Barrows et al., 2000;
Barrows and Juggins, 2005). In relation to the STF,
northward excursions in the vicinity of the East Tasman
Plateau also seemed to have occurred during the LGM
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Fig. 1. Map showing locations of marine cores discussed in this study and approximate paths and distribution of relevant fronts and main currents
according to Garner (1959), Mulhearn (1987), Ridgway and Dunn (2003), Stanton (1976), Tilburg et al. (2001) and Tomczak and Godfrey (2003)
(please refer to these works for more detail on specific paths of oceanic currents and fronts. Note that the shaded area corresponding to the Tasman
Front (TF) includes the Tasman Sea region where this oscillating front can be found with most probability). US;-SST data presented in this work
corresponds to marine cores with filled black circles. Abbreviations are as follows: SEC=South Equatorial Current; EAC=East Australian Current;
TF=Tasman Front; STF=Subtropical Front; SC=Southland Current. Map built using the online map creation tool from GEOMAR (http://www.
aquarius.geomar.de/omc/omc_intro.html) based on GMT software (Wessel and Smith, 1995). Spirals represent cold and warm core eddies, which

usually develop in this area (Tomczak and Godfrey, 2003).

(e.g. Martinez, 1994; Nees, 1997; Passlow et al., 1997,
Barrows et al., 2000).

3. Methods
3.1. Alkenones and U%,

C37 alkenone analyses for UX,-SST estimations were
performed at Geoscience Australia laboratories follow-
ing a previous optimization of the pressurized liquid
extraction technique (Calvo et al., 2003). Briefly, 3—4 g
of freeze-dried sediment were loaded into 11 ml
stainless steel extraction cells of a Dionex ASE 200
pressurized liquid extraction system. After addition of

an internal standard (n-hexatriacontane) and subsequent
extraction with dichloromethane, the extracts (~ 25 ml)
were evaporated to dryness under a nitrogen stream.
Following common methods (e.g. Villanueva et al.,
1997), the evaporated extracts were hydrolysed over-
night with 6% potassium hydroxide in methanol at room
temperature, in order to eliminate hydrolysable material,
especially wax esters, that may accumulate in the gas
chromatography capillary columns. The neutral fraction
was obtained after back extraction with n-hexane three
times. Before evaporation, the n-hexane extracts were
washed with 1 ml of Milli-Q water to remove any KOH
residue. The evaporated extracts were transferred to gas
chromatography vials and derivatized with bis
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(trimethylsilyl) trifluoroacetamide. The derivatized
extracts were then dissolved in toluene and injected in
a Hewlett—Packard HP6890 Gas Chromatograph with a
flame ionization detector (GC-FID), an on-column
injector and equipped with a low bleed CP-Sil 5 CB
capillary column (50 m, 0.32 mm I.D. and 0.12 pm film
thickness). Hydrogen was used as the carrier gas and the
oven was programmed from 90 °C (holding time of
1 min) to 160 °C at 15 °C/min, 160 °C to 280 °C at
10 °C/min with 30 min hold at 280 °C and finally, from
280 °C to 310 °C at 6 °C/min with a holding time of
6 min. Triplicate analyses of different aliquots of a
sedimentary mixture with an alkenone content similar to
the studied samples gave an analytical estimated
uncertainty of + 0.04 °C (see a comment on errors in
SST estimations below). Selected samples were ana-
lyzed by GC-MS for confirmation of compound
identification and to discard possible coelutions, using
a Hewlett—Packard HP5973 MSD attached to an
HP6890 GC and with the same low bleed CP-Sil 5
CB capillary column used in the GC-FID analysis. The
mass spectrometer was operated at 70 eV in full scan
mode from 50 to 600 m/z.

UY; values were translated into SST using the
relationship U5, =0.033 x SST+0.044 (+*=0.958; Miill-
er et al., 1998), which provides annually averaged SSTs,
as suggested by the precise match between our
estimated SST and World Ocean Atlas 1994 (Levitus,
1994) annual average temperatures at 0 m depth (14.0
versus 13.5 °C for FR1/94-GC3 and 15.4 versus 15.3 °C
for SO136-GC3, respectively). Regarding errors in SST
estimations, the standard error using the global core—top
calibration is +1.5 °C (Miiller et al., 1998). However,
this error should be taken as the largest possible
uncertainty in the estimations since it contains measure-
ments performed by a variety of laboratories and from
oceanic regimes around the world. In our case, Uk;-SST
for uppermost samples match within 0.5 °C with
modern temperatures, a result that suggests uncertainties
better than £1.5 °C in the location studied.

3.2. Age models

The age model for the uppermost part of core SO136-
GC3 was established using a basic spline fit with no
smoothing through 14 '*C-Accelerator Mass Spectrom-
etry (AMS) dates (Barrows et al., submitted for
publication). For the older part of this core (beyond
38 kyr BP), the model was constructed using planktonic
foraminifera 6'®0 data (Fig. 3) correlated with the
SPECMAP chronology of Martinson et al. (1987) (see
also Pelejero et al., 2003). For FR1/94-GC3, no '*C-

AMS dates were used, and Globigerina bulloides 5'*0
data was correlated with the SPECMAP chronology (see
also Calvo et al, 2004). The age models provide
sedimentation rates between 0.5 and 2.5 cm per kyr in
core FR1/94-GC3, and between 1.5 and 6 cm per kyr in
core SO136-GC3. Thus, the latter core allows a more
detailed study on a higher time resolution, whereas core
FR1/94-GC3 provides less detail but extends further
back in time, to about 460 kyr BP, prior to Marine
Isotopic Stage (MIS) 12. In general, sedimentation rates
are higher during deglaciations in both cores, and
therefore these time horizons are represented in more
detail. Terminations I and II in core SO136-GC3, for
instance, for which a 2 cm sampling was performed,
allow for a time resolution of about 300 to 600 years per
sampled horizon.

4. Results and discussion

4.1. SST during glacials and interglacials west of New
Zealand

4.1.1. Interglacial stages 7, 5 and the Holocene

The most prominent feature of the SST record from
SO136-GC3 is found during the interglacials, which
exhibit a consistent well-delimited interval of extreme
warmth at the beginning of each period (Fig. 2). This
structure is clear in MIS 7.5 and S5e, which evolved
following almost identical histories, both in duration
and in absolute SST wvalues. Both stages reached
extreme values of 19 to 19.5 °C, which were maintained
for about 5 kyr, dropping abruptly afterwards to 14.5
and 154 °C, respectively. The earliest part of the
Holocene is also well represented by similar SST
maxima, but over significantly lower temperatures,
peaking only at 16.9 °C. In a recent study, Pelejero et al.
(2003) discussed in detail the characteristics of MIS 5Se
in this core, and assessed possible scenarios during the
extreme period of warmth. One highlighted idea, based
on comparison of SSTs against an equatorial core
(ODP806; Lea et al., 2000; Fig. 1), was that meridional
SST gradients would have been significantly diminished
during early MIS Se. Taking into account the modern
correlation between such meridional gradients and the
El Nifio Southern Oscillation (ENSO) phase, Pelejero et
al. (2003) concluded that a prevalence of either
persistent or more frequent La Nifa-like conditions
characterised early MIS 5e. Following the same
rationale, and taking the same equatorial core as a
reference, we suggest that analogous conditions would
have developed during MIS 7.5. In fact, this situation
would have probably been even more accentuated since
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Fig. 2. Middle panel, G. bulloides 5'%0 and US;-SST for core SO136-GC3, west of New Zealand. Upper panel, G. ruber Mg/Ca-SST from equatorial
Pacific core ODP 806 (Lea et al., 2000) for comparison and qualitative assessment of meridional gradients. In the lower panel we have depicted the
oscillations of Earth obliquity (Laskar, 1990), note reversed axis. Short shaded areas highlight the conspicuous warm intervals prior to development of
full glacial conditions before each deglaciation. Long shaded areas highlight conspicuous warm temperatures at the beginning of each interglacial

stage.

equatorial temperatures during this period were not as
warm as during MIS 5Se (Fig. 2)(Lea et al., 2000).
Concerning the early Holocene, temperatures off New
Zealand did not reach the extreme warm conditions of
MIS 7.5 and MIS 5e, so the meridional SST gradient to
the equator did not diminish to such an extent. However,
this gradient would have still been substantially lower
than for the present day, with an estimated temperature
difference between SO136-GC3 and ODP806 of about
12.3 °C, compared to a modern gradient of more than
14 °C (Pelejero et al., 2003).

4.1.2. Glacial stages

Core SO136-GC3 includes the full glaciations MIS
8, 6,4 and 2 (Fig. 2). Minimum temperature obtained for
these periods show a decreasing trend from past to
present, with values of 11.9, 11.6, 11.3 and 9.8 °C,

respectively. As we discuss in the following sections,
this trend is opposite to our SST reconstruction for FR1/
94-GC3.

Before terminations, glacial stages recorded in
SO136-GC3 contain a conspicuous period of warmth
well before the timing of the coldest SST (Fig. 2).
Analogous patterns of warmth predating maximum
cooling have been reported elsewhere (e.g. North
Atlantic Ocean (Calvo et al., 2001) and South Atlantic
Ocean (Sachs et al., 2001)). In the latter study, where a
very similar period of warmth, both in duration and
temperature amplitude, was recognised, a close match to
the orbital forcing component of obliquity was seen. It
was then proposed, following the modelling rationale of
Gallimore and Kutzbach (1995), that variations of
obliquity might play an important role in modulating
mid-latitude temperatures in the Southern Hemisphere.
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A decrease in Earth tilt, as occurred during the period of
SST warmth would result in warming at low latitudes
and cooling at high latitudes. In Fig. 2, where we have
represented (inverted axis) the obliquity evolution
together with SST reconstructions off New Zealand,
there is agreement between low Earth tilt and the pre-
glacial warming before Terminations I and II. Thus, an
obliquity favoured warming of low latitudes might have
been expressed further south, reaching our site west of
New Zealand. There is no correlation with low
obliquity, however, for the event predating Termination
I, prior to 250 kyr BP, which suggests that there might
not be a causal effect between both parameters, or the
mechanisms explaining the three warming events are
not the same. Similar features of warmth predating
glacial maxima and Terminations were also observed in
reconstructed SSTs east of New Zealand, particularly
before Terminations III and II, but were not so clear
prior to Termination I (Pahnke et al., 2003).

4.2. SST during glacials and interglacials southeast of
Tasmania

4.2.1. Interglacial stage 11
Amongst previous interglacial periods, Stage 11
stands out as the most similar to the Holocene for its
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comparable Earth’s orbital parameters. For this reason,
it has been often regarded as a good analogue to
present times (Howard, 1997; Loutre and Berger,
2003). Several characteristics have been highlighted
for this interglacial (see review by Droxler et al.
(2003) and papers therein): maximum temperature
seems to have lasted longer than usual (=20 kyr;
Hodell et al., 2000), sea level was probably signifi-
cantly higher than today, about +20 m in some
estimations (e.g. Hearty et al,, 1999) and, regarding
maximum temperature, it appears to have been warmer
than today in certain areas (e.g. Western Europe
(Rousseau et al., 1992), Equatorial Pacific (Lea et al.,
2000) and California margin (Herbert et al., 2001)) but
similar or colder in others (e.g. South Atlantic sector
of the Southern Ocean (Hodell et al., 2000) and
references therein).

Our estimates for MIS 11 indicate that SST southeast
of Tasmania was comparable to today, averaging
13.7 °C (Fig. 3). This result is also coincident with
SSTs east of New Zealand estimated from foraminiferal
transfer functions (King and Howard, 2000) pointing
towards a general feature in this region. Temperature
similar to today for MIS 11 has also been reported in the
Atlantic sector of the Southern Ocean (Hodell et al.,
2000) and the North Atlantic (McManus et al., 1999).
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Fig. 3. G. bulloides §'*0 and UL;-SST for core FR1/94-GC3, southeast of Tasmania.
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On the other hand, the 6D record of Vostok in Antarctica
(Petit et al., 1999), recently replicated at Dome C
(Augustin et al., 2004), also displays the same trend,
with temperature during MIS 11 being similar to the
Holocene and lower than during MIS 9c, 7¢ and 5e (Fig.
4). Thus, exceptional warming during MIS 11 might
have characterised certain locations but was not global
in nature.

In contrast to SST estimations, G. bulloides &'%0 for
core FR1/94-GC3 exhibit values lighter than modern
times (Fig 3) and, when assessed in combination with
SST data, might support the idea that sea level was
significantly higher than today. In terms of duration,
MIS 11 southeast of Tasmania seems to have been
longer than the rest of interglacials, with maximum
temperatures lasting for about 20 kyr. A possible
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Fig. 4. From upper to lower panel, records of US5-SST for core SO136-GC3, US;-SST for core FR1/94-GC3, US;-SST for core TSP-2PC (Ikehara et
al., 1997), G. bulloides Mg/Ca-SST for core MD97-2120 (Pahnke et al., 2003) and 6D from Dome C, a proxy for air temperature in Antarctica
(Augustin et al., 2004). Gray bars correspond to selected time horizons used to construct maps as presented in Fig. 5. Note that all SST increments
have been plotted over the same scales to better assess changes in SST amplitude between different locations.
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explanation for this longer duration takes into account
the low eccentricity that characterises this period, with
the consequent dampening of the precession amplitude
(Hodell et al., 2000). This situation prevents the
development of strong cold substages and thus promotes
the continuation of stable and warm interglacial
conditions. A very similar pattern of MIS 11 alkenone
temperatures in terms of duration was found in the
northern limb of the California Current (Herbert et al.,
2001).

4.2.2. Interglacial stages 9, 7, 5 and the Holocene

SST during MIS 9 reached a maximum of 15.9 °C,
making it the warmest interglacial other than MIS Se,
which still experienced temperatures slightly warmer
than present (16.3 °C; Fig. 3). It is interesting to
remark that such warm temperatures during MIS 9
developed after the coldest glacial stage in our record,
resulting in the largest glacial to interglacial SST shift
(MIS 10 to MIS 9) of more than 8 °C of SST increase
(from 7.7 to 15.9 °C, Table 1). Following MIS 9, and
after reaching mild glacial conditions during MIS 8.6
(10.7 °C), SSTs peaked again to levels very close to
those registered during MIS 9 (15.3 °C), a warm event
ascribed to MIS 8.5. MIS 7 is well represented by the
three classical, distinct warm substages, reaching
nearly the same SSTs during each of them (14.1,
14.6 and 14.1 °C for MIS 7.5, 7.3 and 7.1,
respectively; Fig. 3). This scenario resembles the
Mg/Ca SST record from southeast of New Zealand
(Pahnke et al., 2003).

From MIS 5e to the present, the SST record from
FR1/94-GC3 has very similar features to SO136-
GC3. MIS S5e, although recorded at a much lower
resolution than in SO136-GC3, is also represented as
a brief and extremely warm period, exhibiting the
highest temperatures in the whole record (16.3 °C).
Subsequently, warm substages 5c and 5a reached
approximately the same SST (~ 14.7 °C), being
preceded by cold substages 5d and 5b of very similar
temperature (~ 12.6 °C). The warmest temperature
recorded during the early Holocene is 14.6 °C, being
very similar to MIS Sc and 5a. This is followed by a
moderate cooling of about 0.5 °C, a trend consistent
with the reconstruction off New Zealand. There is
thus an apparent consistency pointing towards a
warmer early Holocene similar to the history of
MIS Se. This Holocene trend matches SST records
observed with alkenones east of New Zealand (Sikes
et al., 2002) and in other areas like the North Atlantic
Ocean and the Mediterranean Sea (see review by
Marchal et al., 2002).

4.2.3. Glacial stages

Core FR1/94-GC3 extends over glacial Stages 12 to
2 (Fig. 3). Contrary to our SST reconstruction for
SO136-GC3, and with the exception of MIS 12, there
is a clear decreasing tendency of maximum cooling
from past to present, with values of 7.7, 9.3, 9.4 and
10.3 °C for MIS 10, 8, 6 and 4 to 2, respectively. This
result adds to previous observations of a similar trend
in the southern Indian Ocean (southwest Australia) at
equivalent latitudes (Howard and Prell, 1992). As we
discuss below, the different patterns between SO136-
GC3 and FR1/94-GC3 might be indicative of signif-
icant changes in the oceanographic setting of the
southern part of the Tasman Sea during these cold
stages.

MIS 12 as represented in FR1/94-GC3 is excep-
tional, with very mild temperatures (10.5 °C) for a
period that has often been characterised as one of the
coldest glacial stages of the last 500 kyr (Howard and
Prell, 1992; Howard, 1997). A relatively mild MIS 12
has also been reported on several occasions, including
the Devils Hole palacotemperature record (Winograd
et al, 1997) and a Mg/Ca SST record from the
western equatorial Pacific (Lea et al., 2000), eviden-
cing spatial heterogeneity in its climatic expression.
In our reconstruction, it was indeed MIS 10 and not
MIS 12, by far the coldest glacial period, reaching
SSTs almost 3 °C colder than MIS 12 (Fig. 3). This
result contrasts with recent records from other
southern high latitude realms, including the South
Atlantic Subtropical Front, which experienced anom-
alously warm temperatures during MIS 10 (Cortese et
al., 2004).

4.3. Comparative picture and some insights for selected
time slices

4.3.1. SST change during glacial interglacial
transitions

In Table 1, we have calculated the amplitude of U% -
SST change for the last four glacial/interglacial transi-
tions. As mentioned above, the largest SST change
corresponds to Termination IV south of Tasmania, with
an increase of more than 8 °C. The next most important
SST change occurred west of New Zealand during
Termination II, with a rise of nearly 8 °C in SST. Indeed,
this termination was fairly large in amplitude south of
Tasmania as well, with 6.9 °C. For the last three
Terminations, which are covered by both cores, SST
changes west of New Zealand have always been of
larger amplitude than south of Tasmania. Thus, New
Zealand seems to have been more sensitive to orbital
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Table 1
Amplitude of US;-SST change (°C) for the last four Terminations*

Core From To Total difference

Termination |
FR1/94-GC3 10.3 14.6 4.3
SO136-GC3 9.8 16.9 7.1

Termination 11
FR1/94-GC3 9.4 16.3 6.9
SO136-GC3 11.6 19.5 7.9

Termination 111
FR1/94-GC3 9.3 14.1 4.8
SO136-GC3 11.9 19 7.1

Termination IV
FR1/94-GC3 7.7 15.9 8.2

*SST values taken are coldest and warmest prior and subsequent to
each glacial/interglacial change.

glacial/interglacial changes than the area south of
Tasmania. A similar result was found in SST recon-
structions based on foraminiferal assemblages, where
higher amplitude cooling during the LGM (6° to 10 °C)
was found over the Campbell Plateau, southeast of New
Zealand, as compared to west of Tasmania (2° to 5 °C;
Barrows et al. (2000) which includes data from FR1/94-
GC3). Another example of high climatic sensitivity west
of New Zealand is the expression of MIS 5e discussed
above, a period of extreme warmth that explains the
large SST change associated with Termination II.
Perhaps this particular sensitivity results from a strong
influence of changes in the configuration and strength of
the EAC, probably linked to the expansion and
contraction of the Western Pacific Warm Pool (WPWP).

4.3.2. Trends in coldest glacial SSTs and MIS 6 versus
MIS 2 temperatures

As mentioned above, one of the most remarkable
differences between both records is the general trend of
maximum cooling from past to present. In SO136-GC3,
coldest glacial SST display a decreasing trend, while in
FR1/94-GC3 SST increase progressively, with warmest
values documented for the LGM (Fig. 4). Consequently,
this different evolution results in a convergence of
absolute SSTs between both cores, which effectively
culminates in approximately the same values during the
LGM.

The existence of these contrasting trends results in
important differences in the expression of the SST
difference between glacial MIS 6 and 2, an issue that has
raised considerable debate amongst palacoceanogra-
phers when reconstructing SST (Schneider et al., 1999;
Herbert, 2004). Part of the conundrum arises from the

general view that alkenone palaeothermometry usually
represents a MIS 6 warmer than MIS 2, a feature often
not expressed in foraminifera 6'%0 data and foramini-
feral assemblages for the same cores. Examples of this
result can be found in reconstructions from the North
Atlantic (Eglinton et al., 1992; Madureira et al., 1997,
Villanueva et al., 1998), Equatorial Atlantic (Wolff et
al., 1999), South Atlantic (Schneider et al., 1995; Kirst
et al., 1999), Indian (Rostek et al., 1993, 1997; Emeis et
al., 1995), east-equatorial and north Pacific Oceans
(Lyle et al., 1992; Herbert et al., 2001) and the South
China Sea (Pelejero et al., 1999a,b; Wang et al., 1999). It
is important to note, however, that for certain areas,
similar SST values for MIS 6 and MIS 2 have also been
obtained with the alkenone method. Examples of this are
several records under the influence of the Benguela
Coastal Current (Kirst et al., 1999; Schneider et al.,
1999) and cores from the North Atlantic (Calvo et al.,
2001; Sicre et al., 2000).

Another palacothermometer that has gained broad
acceptance amongst palaecoceanographers is based on
the Mg/Ca ratio of foraminifera. Unfortunately, parallel
measurements of Uy; and Mg/Ca in the same sediment
sections are still scarce, with only one publication to
date covering MIS 6 and MIS 2 (Niirnberg et al., 2000).
Interestingly, this study presents similar Mg/Ca and
UX;-SST histories, clearly expressing a MIS 6 warmer
than MIS 2 with both methods for two cores from the
tropical Atlantic. Similarly, foraminifera Mg/Ca from
the equatorial Atlantic and Caribbean Sea also showed a
MIS 6 warmer than MIS 2 (Hastings et al., 1998). Other
areas studied by means of foraminifera Mg/Ca have
provided, however, comparable MIS 6 and MIS 2 SST
(e.g. Lea et al. (2000); Visser et al. (2003), both studies
from equatorial areas).

In the case of the South Tasman Sea, our studied
cores express SSTs from UL, for MIS 6 and MIS 2 in
opposite ways. MIS 6 was warmer than MIS 2 in
SO136-GC3 but slightly colder than MIS 2 in FR1/94-
GC3 (Fig. 4). It is important to note that, in both cases,
UX,-SST differences between these stages are accom-
panied by similar trends in enrichment or depletion of
planktonic foraminifera 8'®0 (Figs. 2 and 3; although
the latter measurement includes salinity and ice volume
changes in addition to SST). Concerning the comparison
between MIS 6 and MIS 2, a result similar to our
reconstruction for FR1/94-GC3 was found east of New
Zealand using foraminifera Mg/Ca (Fig. 4; Pahnke et al.,
2003). In addition, data on planktonic foraminifera
faunas from two cores south of Tasmania also indicated
a particularly cold MIS 6 (as compared to MIS 2) that
involved the maximum northward displacement of the
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STF over the last 150 kyrs (Martinez, 1994; Passlow et
al., 1997).

In summary, although MIS 6 has often been found
warmer than MIS 2, this is not the general rule
worldwide, and different oceanic basins responded in
different ways during these two glacial periods. To some
extent, temperature differences between MIS 6 and MIS
2 might have a latitudinal dependence. It is at the lower
latitudes where a larger number of SST reconstructions
indicate generally warmer SSTs for MIS 6 compared to
MIS 2. More additional data on palacotemperatures
using different methods are needed to better understand
the spatial oceanographic expression of the last and
penultimate glacial stages. In particular, an exhaustive
comparison of alkenone and foraminifera Mg/Ca SSTs
would help clarify whether differences exist depending
on the method used in these particular glacial time
slices.
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4.3.3. SST maps for selected periods

In Fig. 5, we summarize the reconstructed SSTs for
our two cores averaged over selected periods in order to
illustrate, in a qualitative way, oceanographic differ-
ences between MIS 5e and modern times, and between
MIS 6 and MIS 2, some periods that, a priori, one might
consider rather analogous. In addition, we include SST
data from cores TSP-2PC (Ikehara et al., 1997) and
MD97-2120 (Pahnke et al., 2003). In the latter case,
SSTs were derived from G. bulloides Mg/Ca ratios, a
species that calcifies mostly during austral spring (King
and Howard, 2001), and thus records a temperature
rather similar to the annual mean, which is the
temperature represented by our method. In fact, the
uppermost section of MD97-2120 provides a SST of
11.8 °C (Pahnke et al., 2003), which is very close to the
World Ocean Atlas 1994 annual mean of 12.2 °C
(Levitus, 1994).
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Fig. 5. SST maps for the three selected time horizons highlighted in Fig. 4, compared to modern conditions (data from World Ocean Atlas 1994,
annual average at 0 m depth (Levitus, 1994)). Represented in circles are reconstructed SSTs for our two studied cores, TSP-2PC (Ikehara et al., 1997)
and MD97-2120 (Pahnke et al., 2003) averaged over the specific age intervals. For modern times, we have represented only the sedimentary
uppermost reconstructed SST value, which in the case of TSP-2PC corresponds to the uppermost sample from multiple core TSP-2MC taken nearby

(Ikehara et al., 2000).
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Modern mean annual isotherms on the map (Fig. 5A)
have been constructed based on annual average data at
0 m depth from World Ocean Atlas 1994 (Levitus,
1994). Our reconstructed SST values for the uppermost
sediment sections compare reasonably well with modern
SST, the only exception being core TSP-2MC (a
multiple core taken adjacent to piston core TSP-2PC
(Ikehara et al., 2000)), that displays SSTs slightly
warmer than modern. Since the '*C age of this particular
core—top is 7190 yr BP (Ikehara et al., 2000) it probably
represents warmer temperatures ascribed to the early
Holocene.

The SST distribution was different during early MIS
5e (131-126 kyr BP; Fig. 5B), which was significantly
warmer than modern times in all reconstructions.
Amongst them, the area west of New Zealand
experienced by far the largest SST increase in relation
to modern times, with temperatures 3 °C warmer than
the Holocene on average. Similar results were found for
core DSDP 593, located further north, ((Nelson et al.,
1994); Fig. 1; although based on planktonic foramini-
fera 6'%0, a proxy subject to changes in salinity and ice
volume in addition to SST). This configuration could be
ascribed to a southern expansion of the WPWP and/or a
southward migration of the TF and/or an intensification
of the TF and major influence and supply of subtropical
warm waters to the west coast of New Zealand.

Regarding the last and penultimate glacial recon-
structions, we have averaged all reconstructed tempera-
tures from 23 to 19 kyr BP (following recommendations
by Mix et al., 2001) and from 140 to 137 kyr BP,
respectively (Fig. 5C,D). The existence of similar SSTs
between SO136-GC3 and FR1/94-GC3 during the LGM
suggests that isotherms might have been bowed towards
the north in the area west of New Zealand. A similar
bowing of isotherms was found previously in SST
reconstructions for the LGM based on foraminiferal
assemblages (Barrows et al., 2000; Barrows and
Juggins, 2005). As suggested by Barrows et al.
(2000), a possible scenario could be a partial entrance
of subantarctic waters associated to a northward shift of
the STF in the Tasman Sea having a stronger impact
along the west coast of New Zealand together with a still
significant transport of warm subtropical water towards
Tasmania associated to the East Australian Current. This
situation contrasts with the SST estimate from SO136-
GC3 for MIS 6, which is warmer than MIS 2. In this
case, the average configuration of isotherms might have
been more compressed and/or changed in direction, with
warmer temperatures in the east South Tasman Sea and
colder temperatures towards Tasmania. Us7-SST data
for TSP-2PC SST, however, do not fit adequately into

this pattern, with values that appear slightly warmer than
normal. Unfortunately, MIS 6 is not well covered by
these US;-SST data (Fig. 4; Ikehara et al., 1997) and it is
difficult to confirm whether these SSTs truly represent
MIS 6, or correspond to warmer deglacial values.

Overall, these summarized data illustrate the different
latitudinal and regional expression of SSTs during MIS
6 as compared to MIS 2, and give support to previous
results based on planktonic foraminifera faunal studies
(Martinez, 1994, 1997; Passlow et al., 1997). In these
studies, the area south of Tasmania was regarded as
particularly cold during MIS 6 (as compared to MIS 2),
being affected by a northward displacement of the STF.
Conversely, Martinez (1994, 1997) suggested that the
TF might have migrated northwards during the LGM
but not during MIS 6, an oceanographic configuration
that matches with our data on warmer SSTs during MIS
6 offshore New Zealand in comparison to southeast of
Tasmania.

5. Conclusions

UX;-SSTs are presented for two cores from the South
Tasman Sea, one offshore west of New Zealand and the
other southeast of Tasmania. The evolution and
magnitude of change of SST in both records demon-
strates a high degree of climate sensitivity, which is
particularly enhanced offshore New Zealand. In this
area, SST was significantly warmer than present during
the start of all interglacial periods. During MIS 7.5 and
early MIS 5e, SSTs reached values over 19 °C,
compared to modern temperatures of ~ 15.4 °C. This
situation suggests significantly-altered meridional gra-
dients of SST versus the equator during these periods,
towards a configuration rather typical of a permanent or
frequent La Nina phase. A conspicuous period of
relative warmth occurred fairly systematically prior to
development of full glacial conditions, before each
deglaciation. Comparison between these intervals with
periods of low obliquity suggests a possible link to a
differentiated low to high latitude warming due to
changes in this orbital parameter. However, no correla-
tion exists prior to 250 kyr BP, suggesting that there
might not be a casual effect between both parameters, or
the mechanisms explaining all warming events are not
the same.

Core FR1/94-GC3 is the only one recording MIS 11,
a period with SSTs similar to today, averaging
~13.7 °C. This result adds to additional evidence
pointing towards global heterogeneity in the thermal
characteristics of this interglacial, being warmer than
today in some areas, but similar to modern times in other
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areas. Our data suggest, however, that its duration was
probably longer than usual, a feature that seems global
in nature. Amongst glacial stages, MIS 10 was by far the
coldest, reaching SSTs almost 3 °C colder than MIS 12.

The amplitude of SST change in both records is
significant, with variations offshore New Zealand being
consistently more important, reaching nearly 8 °C
during Termination II. The area west of New Zealand
thus shows an apparent higher sensitivity to climatic
change on orbital time scales, and probably responds to
expansions and contractions of the WPWP and/or the
meridional migration and changes in intensity of
currents associated with the TF. Concerning glacial
stages in both cores, there is a contrasting trend of
coldest glacial SSTs from past to present. In SO136-
GC3, coldest glacial temperatures generally decrease
with time, while in FR1/94-GC3 glacial stages become
warmer through time. This results in different oceano-
graphic configurations of glacial stages through time.
More specifically, MIS 6 and MIS 2 are recorded
differently in both areas, with MIS 6 being warmer than
MIS 2 west of New Zealand, but slightly colder
southeast of Tasmania. In particular, the area west of
New Zealand is probably more susceptible to lower
latitude SST changes linked to specific configurations of
the WPWP and the TF, while the area south of Tasmania
is more indicative of thermal changes at high southern
latitudes.
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